By use of a transmission-grating-based Michelson interferometer, second-order interferometric as well as intensity autocorrelation traces of the third harmonic of a Ti : sapphire 50-fs laser beam produced in Ar have been measured. The duration of the harmonic is found to be that expected from lowest-order perturbation theory. At this wavelength, the performance of the interferometer with respect to pulse-front distortion and dispersion is found to be satisfactory. This result is a first step toward the use of the interferometer for the temporal characterization of higher harmonics or harmonic superposition forming attosecond pulse trains. © 2002 Optical Society of America OCIS codes: 190.0190, 190.4160, 320.0320, 320.7080. The temporal characterization of coherent extremeultraviolet (XUV) radiation produced through frequency upconversion of a femtosecond laser pulse interacting nonlinearly with a medium is the pivotal task in the challenging problem of attosecond pulse generation and metrology.
The temporal characterization of coherent extremeultraviolet (XUV) radiation produced through frequency upconversion of a femtosecond laser pulse interacting nonlinearly with a medium is the pivotal task in the challenging problem of attosecond pulse generation and metrology. 1 -3 Attosecond pulse trains 4 -6 or isolated pulses 7 can be formed during high-order-harmonic generation. 8 Provided that they are well characterized, these pulses may serve as a fast camera, able to record frozen snapshots of ultrafast electron dynamics. Important barriers in the temporal characterization of such attosecond pulses are the low photon number of the harmonics, their extreme susceptibility to dispersion, and the specific requirements for beam steering, which necessitate the use of XUV optics. These barriers have been circumvented up to now by the use of cross correlation instead of nonlinear autocorrelation (AC) methods, 6,9 -13 coaxial dispersionless geometries, 6,7,9 -13 and specialized multilayer XUV optics accordingly. Recently, in the search for quantitative measuring techniques that indisputably characterize attosecond pulses, we numerically analyzed and evaluated a dispersionless Michelson interferometer based on a transmission-grating beam splitter.
14 Three different geometries were studied and found to be appropriate for dispersionless linear AC, low-dispersion nonlinear AC, and dispersionless cross-correlation measurements.
In this Letter we present the first experimental utilization of this grating-based interferometer, with which the third harmonic (TH) of a 1-kHz repetitionrate Ti:sapphire laser system delivering ϳ50-fs pulses is characterized with respect to its duration and spatial coherence. The harmonic is generated in an Ar-gas cell, and its temporal characterization is performed by measurement of the second-order interferometric as well as the intensity AC traces in a second cell containing gaseous toluene ͑C 7 H 8 ͒. Using conventional Michelson interferometers, Backus et al. 15 performed intensity AC measurements of the TH of a Ti:sapphire laser produced in air, whereas Streltsov et al. 16 reported interferometric nonlinear AC measurements of the TH produced in crystal. To our knowledge, this is the first interferometric nonlinear AC measurement ever reported for gas harmonics in which a new type of interferometer with operating capabilities in the XUV spectral region, i.e., appropriate for higher harmonics, has been employed.
The experimental setup used for the measurement of the TH is shown in Fig. 1 . The laser beam is focused with a 35-cm focal-length lens into a static cell filled with 30 kPa of Ar, which gives maximum TH (267-nm) power. Propagation of the beam in the air filters out all other harmonics. The remaining radiation ͑v and 3v͒ is introduced into the transmission grating interferometer, where the TH is separated from fundamental. The interferometer consists of (i) a 1-mm-thick fused-silica transmission grating with 600 lines͞mm, which is optimized for maximum throughput at 267 nm, (ii) two spherical mirrors (MS1 and MS2) with a 30-cm radius, and (iii) a third mirror (MS3) of 75-cm radius that, finally, focuses the TH into a second static cell that acts as the detector of the interferometer. All mirrors are Al coated for high ref lectivity at 267 nm. The intensity distribution of the front resulting from the two spatiotemporally overlapping and thus interfering harmonic pulses is monitored before mirror MS3 through a CCD camera that records a small ref lection of the beam taken after the exit of the interferometer. Toluene is used as a nonlinear medium in the second static cell. Toluene undergoes one-photon resonantly enhanced, two-photon ionization at 267 nm. This choice was dictated by the fact that toluene exhibits the highest two-photon sensitivity of all two-photon ionizing media that we tested, thus producing a measurable signal. Ions and electrons are collected by the two electrodes of the detector, which is biased at 200 V, and the signal is amplified through a lock-in amplif ier locked at the kilohertz repetition rate of the laser. The amplified signal is stored in the computer as a function of the delay introduced by the interferometer. Both interferometric and intensity second-order AC traces are measured.
The role of the third mirror (MS3 in Fig. 1 ) is crucial in optimizing the focusing, dispersion, and overlap of the two beams at the detector plane. As is described in detail in Ref. 14, the interferometer can be operated in two discrete modes corresponding to two different positions of MS3. The first possibility is to image the grating into the detector plane (case I in Ref. 14) . This arrangement provides a dispersionless and perfect overlap of the two arms of the interferometer but not tight focusing. The other possibility, which was actually used in the present experiment, is to image relay the source to the detector plane (case II in Ref. 14) . This provides the necessary high intensity for nonlinear AC measurements, but it does not entirely eliminate the group-delay dispersion and the relative front tilt between the two arms. The amount of the remaining dispersion and tilt depends on the geometry, and it becomes less for higher harmonics. We analyzed the specif ic geometry used in the experiment with a ray-tracing code 14 and found that the group-delay dispersion for the TH is D 2 # 8 fs 2 , which for a harmonic pulse duration of $10 fs introduces negligible pulse broadening. The relative front tilt for the same geometry is Dw ഠ 14 ± . Figure 2 depicts the signif icance of mirror MS3. It shows the spatial interferometric fringes as recorded by the CCD camera before and after MS3 for different delays between the interfering pulses. Figure 2(a) shows the result when the detector was positioned at the exit of the transmission-grating beam splitter (see Fig. 1 ), whereas Fig. 2(b) shows the corresponding records when the detector was after MS3 and exactly at the plane where the image of the grating was located. This last arrangement corresponds to case I of Ref. 14. As seen from Fig. 2(a) , at the exit of the grating the fringes are moving from the left to the right side of the record as the delay between the two pulses is varied and crosses zero. This effect can be attributed to the relative tilt of the pulse fronts, as ray-tracing simulations like those of Ref. 14 showed. A similar effect was also observed in pulses with angular chirp by use of an inverted field AC interferometer. 17 In contrast, as shown in Fig. 2(b) , this relative tilt becomes negligible at the image plane of MS3, and hence the movement of the fringes with delay is suppressed. Increasing the pulse delay now causes only a change in the fringe contrast, in agreement with the simulation results for the geometry corresponding to case I, which images the grating into the detector and eliminates relative tilt between the two pulse fronts. Another function of mirror MS3 is the drastic reduction of the dispersion introduced by the rest of the inteferometer. 14 Nonlinear AC measurements at the exit of the interferometer (before mirror MS3) yielded very long pulse duration, of the order of 1 ps.
Once interference of the two pulses is demonstrated through the spatial fringing, second-order AC measurements recording the two-photon ionization signal of toluene as a function of the delay is performed with the case II geometry. Interferometric and intensity AC traces are shown in Figs. 3(a) and 3(b) , respectively. The Fourier-transform spectrum of the interferometric trace is shown in Fig. 3(c) . All fitted curves are obtained with Gaussian functions. The interferometric trace exhibits a deviation from the 8 : 1 peak-to-background ratio; the intensity trace, a deviation from the 3:1 ratio. There are several factors that can cause this deviation: the surface quality of the spherical mirrors ͑l͞3 l͞2 for 267 nm), the imperfectly balanced arm intensities, the fact that in the tight focusing mode (case II) the pulse fronts from the two arms of the interferometer are slightly tilted with respect to each other, 14 and the one-photon resonance in the two-photon ionization of toluene, which adds background to the measured trace, thus contributing to the decrease of the peak-to-background ratio. Further, it is found that the width of the traces, and consequently the measured pulse duration, depends on the toluene pressure. This effect can be attributed to a recompression of the pulse after its stretching caused by dispersion during propagation through the air and the optical elements of the setup. The measured pulse duration as a function of the toluene pressure is shown in Fig. 4 . As can be clearly seen, the pulse duration reaches a minimum of 25 fs at 400 Pa, which is, within the experimental error, the duration expected from lowest-order perturbation theory. This result, combined with the expectation that TH generation occurs perturbatively, leads to the conclusion that the TH at the interaction region in the toluene cell is nearly Fourier-transform limited.
To assess the overall performance of the grating Michelson interferometer, we performed a measurement of the TH pulse duration at 18-mbar toluene pressure, using a conventional Michelson interferometer with a 1-mm-thick fused-silica beam splitter. The total optical path from source to detector through optical components and air was nearly the same for both interferometers. Within the accuracy of the measurement, both interferometers gave the same value for the TH pulse duration at this pressure, i.e., ϳ67 fs (see Fig. 4 ). Given that the beam splitter in the conventional interferometer and the grating itself were both 1-mm-thick fused silica, this result indicates that the grating Michelson interferometer is equivalent to the conventional one as far as dispersion is concerned.
